ABSTRACT Background: High dairy/milk intake has been associated with a low risk of type 2 diabetes observationally, but whether this represents a causal association is unknown. Objective: We tested the hypothesis that high milk intake is associated with a low risk of type 2 diabetes and of overweight-obesity, observationally and genetically. Design: In 97,811 individuals from the Danish general population, we examined the risk of incident type 2 diabetes and of overweightobesity by milk intake observationally and by LCT-13910 C/T genotype [polymorphism (rs4988235) upstream from the lactase (LCT) gene], where TT and TC genotypes are associated with lactase persistence and CC with nonpersistence. Results: Observationally for any compared with no milk intake, the HR for type 2 diabetes was 1.10 (95% CI: 0.98, 1.24; P = 0.11), whereas the OR for overweight-obesity was 1.06 (1.02, 1.09; P = 0.002). Median milk intake was 5 glasses/wk (IQR: 0-10) for lactase TT/TC persistence and 3 (0-7) for CC nonpersistence. Genetically for lactase TT/TC persistence compared with CC nonpersistence, the OR was 0.96 (0.86, 1.08; P = 0.50) for type 2 diabetes and 1.06 (1.00, 1.12; P = 0.04) for overweight-obesity. In a stratified analysis for type 2 diabetes, corresponding values in those with and without milk intake were 0.88 (0.76, 1.03; P = 0.11) and 1.35 (1.07, 1.70; P = 0.01) (P-interaction: 0.002), whereas no gene-milk interaction on overweight-obesity was found. For a 1-glass/wk higher milk intake, the genetic risk ratio for type 2 diabetes was 0.99 (0.93, 1.06), and the corresponding observational risk was 1.01 (1.00, 1.01). For overweight-obesity, the corresponding values were 1.01 (1.00, 1.02) genetically and 1.00 (1.00, 1.01) observationally. Conclusions: High milk intake is not associated with a low risk of type 2 diabetes or overweight-obesity, observationally or genetically via lactase persistence. The higher risk of type 2 diabetes in lactasepersistent individuals without milk intake likely is explained by collider stratification bias.
INTRODUCTION
High dairy/milk intake has been associated with a low risk of diabetes in meta-analyses of observational studies (1) (2) (3) (4) (5) (6) , but it is unclear whether this association is causal. Because no adequately powered long-term, large-scale, randomized trial has addressed this question, an alternative approach is to use the Mendelian randomization design to indirectly infer causality.
The LCT-13910 C/T polymorphism, located upstream from the lactase (LCT) gene, (rs4988235) affects the transcription of the lactase enzyme and is associated with lactase persistence and thereby with the ability to digest milk (7) . In lactase-nonpersistent individuals (,10% of Danes), milk intake may cause symptoms of lactose intolerance, and milk intake may therefore be reduced or even avoided. Individuals with the genotype TT/TC are genetically lactase persistent throughout their adult lives and can digest and tolerate more milk than can participants with the lactasenonpersistent genotype CC. The Mendelian randomization design enables us to use this genetic variant as a proxy for the long-term differences in milk intake, thereby largely avoiding confounding and reverse causation (8) .
We tested the hypothesis that high milk intake is associated with a low risk of type 2 diabetes and of overweight-obesity, observationally and genetically, via lactase persistence. For this purpose we included 97,811 white individuals of Danish descent from 3 studies of the general population. First, we analyzed the observational association between milk intake and risk of type 2 diabetes and of overweight-obesity. Second, we confirmed the association between the LCT-13910 C/T genotype and milk intake. Third, we investigated the association between the LCT-13910 C/T genotype and risk of type 2 diabetes and of overweight-obesity. Finally, we compared the genetic risk ratios obtained by instrumental variable analysis with observational HRs for a 1-glass/wk higher milk intake on risk of type 2 diabetes and of overweight-obesity.
Denmark is well suited for this study because the production of milk and other dairy products is high, and these food items often are included in the Danish diet. In addition, we have a long tradition for diagnosis and treatment of people with diabetes.
METHODS
The studies were approved by institutional review boards and by Danish ethical committees. Written informed consent was obtained from all participants, and the investigation conforms with the principles of the Declaration of Helsinki.
Study populations
We included white individuals aged 20-100 y and of Danish descent who participated in 1 of 3 studies of the Danish general population: the Copenhagen City Heart Study (9) 1991-1994 examination (CCHS 10 ; n = 8,731), the Copenhagen General Population Study (9, 10) (CGPS; n = 74,247), and the Danish General Suburban Population Study (11) (GESUS; n = 14,833). A person of Danish descent was defined as an individual with Danish citizenship who was born in Denmark and whose parents likewise both were Danish citizens born in Denmark. Potential overlap between study participants from CCHS, CGPS and GESUS was estimated to be w0.1% based on data from Statistics Denmark (see Supplemental Methods).
Intake of milk and other dairy products
Information on milk and dairy product intake was self-reported in questionnaires from the CGPS and GESUS but was unfortunately not available in the CCHS. Milk was reported in glasses per week for whole milk (3.5% fat), semi-skim milk (0.5-1.5% fat), and skim milk (0.1-0.3% fat). Information on cheese consumption (no/yes) was available from both the CGPS and GESUS, whereas consumption of any fermented milk products (such as yogurt) in measures of 0.5 L/wk was available from GESUS only. Milk intake in the CGPS was divided into approximate quintiles: quintile 1 (0 glasses of milk/wk), quintile 2 (1-3 glasses/wk), quintile 3 (4-7 glasses/wk), quintile 4 (8-10 glasses/wk), and quintile 5 ($11 glasses/wk). We also constructed variables comparing any milk and types of milk [high-fat (0.5-3.5%) and fat-free (0.1-0.3%)] with no milk intake.
Other covariates
Physical activity at work was categorized as mainly sitting, sitting/ standing/walking, walking and some lifting, heavy bodywork, and not part of the workforce. Physical activity in leisure time was categorized as mainly passive, light activity 2-4 h/wk, light/ moderate activity .4 h/wk, and very active .4 h/wk. Information on self-reported alcohol intake was categorized as #7, 8-14, and .14 drinks/wk for women and #14, 15-21, and .21 drinks/wk for men; 1 drink is equivalent to w12 g alcohol. Self-reported smoking status was categorized as never-smokers, previous smokers, and current smokers. Information on education, i.e., level of education obtained since the individual finished the mandatory 7-9 y of lower and middle school education, was categorized as none (including students), practical, short (,3 y), middle (3-4 y), or long ($5 y). Self-reported family history of diabetes (no/yes/unknown) included information on diabetes in parents and/or siblings (information on siblings not available in GESUS). Fruit intake, vegetable intake, and fish intake were categorized as no intake, #4 times/wk, 5-7 times/wk, or .7 times/wk; intake of fast food was categorized as no intake, once per week, or twice or more per week; and intake of soda drinks was categorized as no intake, ,7 bottles/wk, or $7 bottles/wk (1 bottle = 0.5 L). Use of lipid-lowering therapy (no/yes) was self-reported. Hypertension (no/yes), available from the national Danish Patient Registry, was combined with self-reported use of blood pressure-lowering medication. BMI was calculated as measured weight (kg) divided by measured height (m) squared and categorized as ,18.5, 18.5-24.9, 25-29.9, and $30. Nonfasting total cholesterol, HDL cholesterol, triglycerides, and blood glucose (all in mmol/L) were measured by using standard hospital assays. LDL cholesterol was calculated by using the Friedewald equation for participants with triglycerides #4.0 mmol/L but was measured directly for all other participants. Systolic and diastolic blood pressures (mm Hg) were measured.
Diabetes and overweight-obesity
Information on diabetes and diabetes-related deaths was from the national Danish Patient Registry (International Classification of Diseases code 8: 249-250; International Classification of Diseases code 10: E10, E11, E13, and E14) and the national Danish Causes of Death Registry. Registry information was combined with selfreported information on diabetes, use of insulin, use of other diabetes medication, and measured nonfasting glucose .11 mmol/L indicating diabetes. We focused on type 2 diabetes because the onset of type 1 diabetes usually occurs before downregulation of the lactase enzyme. Overweight-obesity was defined as BMI (in kg/m 2 ) $25.
Genotyping
In the CGPS and CCHS, genotyping for the LCT-13910 C/T (rs4988235) polymorphism (7) was performed by using the TaqMan assay (call rates 99.9% after reruns) (Applied Biosystems; details available from authors). In GESUS, genotyping was performed by using KASPar allelic discrimination (LGC Genomics; call rate of 99.3%) (Supplemental Methods). The LCT-13910 C/T genotype was categorized as CC, TC, and TT (codominant model) or as CC and TC+TT (dominant model), because both individuals with TC and TT are lactase persistent. Genotypes were in Hardy-Weinberg equilibrium in GESUS, but not in the CGPS and CCHS (Supplemental Table 1 ).
Statistical analyses
Statistical analyses were performed by using STATA 12 (StataCorp.). Using the impute command (single conditional mean imputation), missing information on the following covariates from the CGPS, CCHS, and GESUS combined (n = 97,811) were imputed based on sex, age, and population to obtain a balanced data set: physical activity in leisure time (1.2%), smoking status (0.3%), education (0.6%), height (0.1%), BMI (0.2%), total cholesterol (0.06%), LDL cholesterol (0.9%), HDL cholesterol (0.07%), triglycerides (0.09%), systolic blood pressure (0.05%), and diastolic blood pressure (0.05%).
Pearson's chi-square test was used for categorical variables, and the Mann-Whitney U or Kruskal-Wallis test was used for continuous variables when population characteristics were examined by genotype (to confirm the independence of the genetic variant), milk intake, and disease status. Bonferroni correction was used to account for multiple comparisons.
First, an observational analysis of milk intake and risk of incident type 2 diabetes was performed by Cox regression, with age as the underlying time scale (referred to as age-adjusted), using a sex-and age-adjusted model and a multivariable-adjusted model including sex, age, physical activity in leisure time and at work, smoking, alcohol intake, education, family history of diabetes, fruit intake, vegetable intake, fish intake, intake of fast food, and intake of soda drinks (model A). These covariates were chosen because they may each be associated with milk intake and/or diabetes. A model including lipid-lowering therapy, hypertension, and BMI was also constructed (model B); however, these variables might be on the pathway from milk intake to diabetes. We tested for interactions using the likelihood-ratio test, and Schoenfeld residuals were used to test proportional hazards assumption. Because overweight-obesity is associated with the development of type 2 diabetes, we examined the association of milk intake with overweight-obesity using logistic regression (cross-sectional data) with adjustment for sex, age, and the covariates in model A.
Second, we compared differences in milk intake according to the LCT-13910 C/T genotypes in the CGPS and GESUS (TT or TC compared with CC, and TT/TC compared with CC). . Information on mean milk intake (g/d) and genotype frequency was collected. Studies reporting milk in other units (dL or glasses/wk) were recalculated to g/d, assuming that 1 glass of milk contains 2.5 dL and that 1 dL weighs 100 g.
Third, we investigated the association between the genetic variant and risk of type 2 diabetes and overweight-obesity using unadjusted logistic regression analysis in 97,811 participants from the CCHS, CGPS, and GESUS combined. Analyses were also performed with adjustment for sex, age, height, and population. Data from genome-wide association studies were not available to adjust for potential population admixture using principal component data, so we used height adjustment instead. The gene-environment interaction between the LCT-13910 and milk intake was investigated for both type 2 diabetes and overweight-obesity, and results stratified by milk intake (no/yes) were presented for interactions with P , 0.05. Because collider stratification bias could be introduced when the gene-diabetes analysis was stratified by milk intake, it was partly investigated by stratifying the association between the LCT-13910 and population characteristics by milk intake (no/yes).
Finally, we performed an instrumental variable analysis using the multiplicative generalized methods of moments estimator in participants from the CGPS and GESUS combined to obtain risk estimates of genetically higher milk intake on risk of type 2 diabetes and overweight-obesity. F statistics and R 2 values were obtained by ordinary least-squares regression analysis. F statistics indicate the strength of the genotype as an instrument for milk intake, where F . 10 implies sufficient statistical strength (8) . R 2 indicates the variation in milk intake explained by the genotype. Sensitivity analyses in the 2 separate populations were performed as were analyses using 2 additional types of instrumental variables: the extreme genotype score (12) and 2-stage least squares with logistic regression analysis as second stage (13) . The extreme genotype score was obtained by dividing the b value (from a logistic-regression analysis of genotype on diabetes/overweight-obesity adjusted for sex and age) with the mean difference in milk intake between genotypes TT/ TC and CC and subsequent exponentiation of this value to obtain the genetic ORs and 95% CIs were obtained by using the Fiellers method (14) . Genetic estimates were compared with observational HRs obtained from Cox regression (for diabetes) and ORs from logistic regression (for overweight-obesity) by using multivariable-adjusted model A with milk intake on a continuous scale (glasses/wk).
We performed power calculations using PASS12 (NCSS Software) (Supplemental Methods) (15) . With the assumption of 2-sided P = 0.05 (a), we had 80% power to detect an OR #0.84 and $1.18 for type 2 diabetes when comparing genotype TT/TC with CC (Supplemental Figure 1 ). Likewise, we had 80% power to detect an HR #0.84 and $1.18 for type 2 diabetes when comparing any milk intake with no milk intake (Supplemental Figure 2 ).
RESULTS
We found a difference of 1 cm in height between TT/TC and CC ( Table 1 ) and a minor influence on HDL-cholesterol concentrations, which could be a potential mediator. No other population characteristics were associated with the genotype overall (Table 1) ; however, several characteristics were distributed differently by genotype in those with and without milk intake, e.g., sex and intake of fruit and vegetables (Supplemental Tables 2 and 3) , likely explained by collider stratification bias. In contrast with genotype, milk intake and diabetes were associated with all potential confounders (Supplemental Tables 4 and 5) (P values for genotype, milk intake, and diabetes are compared in Table 1 ). No consistent observational associations with risk of type 2 diabetes were found between people drinking milk (divided in quintiles, any intake, or milk type) compared with people drinking no milk (Figure 1) . Median follow-up time (IQR) was 5.5 (3.7-7.3) y with a total of 1355 events. However, individuals drinking 1-3 glasses/wk, $11 glasses/wk, and fat free milk all had higher HRs for type 2 diabetes. When lipidlowering therapy, hypertension, and BMI were included in the model, the results were similar (Supplemental Table 6 ). Risk estimates for overweight-obesity were similar to those for type 2 diabetes, but with narrower 95% CIs (Figure 1 and Supplemental Table 7 ).
Genotype and milk intake
Median milk intake was 5 glasses/wk (IQR: 0-10) for lactase TT/TC-persistent individuals and 3 (0-7) for lactase CCnonpersistent individuals (Figure 2 and Supplemental Table 8 ).
When people with known cardiovascular disease, diabetes, or use of lipid-lowering therapy were included, the results were similar. We found no difference in intake of cheese or fermented milk among the LCT-13910 C/T genotypes (data not shown).
Genotype and risk of type 2 diabetes and overweightobesity
Genetically for lactase TT/TC-persistent individuals compared with lactase CC-nonpersistent individuals, the sex-, age-, and population-adjusted OR was 0.96 (0.86, 1.08; P = 0.50) for type 2 diabetes and 1.06 (1.00, 1.12; P = 0.04) for overweight-obesity ( Table 2, Table 3 , and Supplemental Table 9 ). In stratified analysis for type 2 diabetes, the corresponding values in those with and without milk intake were 0.88 (0.76, 1.03; P = 0.11) and 1.35 (1.07, 1.70; P = 0.01) (P-interaction = 0.002; Table 2 ), whereas no gene-milk interaction on overweight-obesity was found (Table 3) . Missing values in the total population (n = 97,811): physical activity in leisure time (1.2%), smoking status (0.3%), education (0.6%), BMI (0.2%), total cholesterol (0.06%), LDL cholesterol (0.9%), HDL cholesterol (0.07%), triglycerides (0.09%), systolic blood pressure (0.05%), diastolic blood pressure (0.05%), and height (0.1%). Missing values were imputed based on sex, age, and population. 2 
LCT-13910 C/T genotypes: CC (lactase nonpersistent), TC (lactase persistent), and TT (lactase persistent).
3 P values were derived from a chi-square, Kruskal-Wallis, or Mann Whitney U test. 4 From Supplemental Table 4 : P values of population characteristics by milk intake in quintiles (glasses/wk). 5 From Supplemental Table 5 : P values from logistic regression of population characteristics on diabetes status (yes/no). 6 Median; IQR in parentheses (all such values). 7 A "standard drink" in Denmark is defined as 1 glass of wine (12.5 cL), 1 bottle of beer (33 cL), 1 glass of liqueur (12.5 cL), or 1 shot glass of spirits (4 cL) and contains w12 g alcohol. 8 The education variable indicates the level of education obtained since the individual left the mandatory 7-9 y of lower and middle-school education. The education category "none/student" includes active students, ie, those who have not yet finished an education. 9 Data not available for the Copenhagen City Heart Study. 10 P . 0.05 after correction for multiple comparisons by using the Bonferroni method (correction for 24 parallel tests: P = 0.05/24 = 0.002).
Milk intake and risk of diabetes and overweight-obesity: genetic compared with observational estimates
For a 1-glass/wk higher milk intake, the genetic risk ratio for type 2 diabetes was 0.99 (0.93, 1.06) with a corresponding observational risk of 1.01 (1.00, 1.01) (Figure 3) . For overweightobesity, the corresponding values were 1.01 (1.00, 1.02) genetically and 1.00 (1.00, 1.01) observationally. Sensitivity analyses for type 2 diabetes and overweight-obesity showed similar results when other methods of instrumental variable analysis were used (Supplemental Table 10 ).
DISCUSSION
In 97,811 individuals from the Danish general population, high milk intake was not associated with a low risk of type 2 diabetes or overweight-obesity, observationally or genetically via lactase persistence. The higher risk of type 2 diabetes in lactase-persistent individuals without milk intake likely is explained by collider stratification bias.
Research in context
At first sight, the lack of association in our observational analysis of type 2 diabetes seems to contrast with results from several metaanalysis of prospective cohort studies, which indicated that high compared with low intake of dairy/milk products was associated with a low risk of type 2 diabetes (1-6). However, many of the studies combined in the meta-analyses included different types of dairy/calcium intake as the exposure, as opposed to an investigation of the effect of milk alone as done in the current study. Thus, when the former analyses were restricted to milk intake (2-4), most studies found no association and only one found a reduced risk of diabetes for low-fat compared with high-fat milk (4) . Differences in study design along with geographic heterogeneity among the populations included in the meta-analyses also made the studies difficult to compare and may explain why our observational results differ from the overall conclusion in the metaanalyses. The inconsistent association between milk intake and risk of diabetes in our observational study could also be a result of reverse causation and/or residual confounding. However, reverse causation and residual confounding from lifestyle factors should be largely avoided in the genetic analysis. Indeed, the lack of association in our overall genetic analysis on risk of type 2 diabetes supports the idea of a rather neutral effect of high milk intake, as does our genetic results on risk of overweight-obesity.
No difference in intake of fermented milk or cheese consumption was observed between the genotypes in the individuals in FIGURE 1 Risk of type 2 diabetes and overweight-obesity by milk intake. HRs and 95% CIs for type 2 diabetes and ORs (95% CIs) for overweightobesity by milk intake (quintile, any, and type) in 71,775 participants from the Copenhagen General Population Study. Adjusted for sex, age, physical activity, smoking, alcohol intake, education, family history of diabetes, and intakes of fruit, vegetables, fish, fast food, and soda drinks. High fat: whole milk (3.5% fat) and semiskim milk (0.5-1.5% fat) combined. Fat free: skim milk (0.1-0.3% fat).
FIGURE 2
Median milk intake by LCT-13910 C/T lactase persistent/ nonpersistent genotypes. Median milk intake and IQR by LCT-13910 C/T genotype in participants from the CGPS (n = 62,540) and the GESUS (n = 11,812). Participants with ischemic heart disease, with ischemic cerebrovascular disease, with diabetes mellitus and using lipid-lowering therapy were excluded. CC, lactase nonpersistent; TT/TC, lactase persistent. CGPS, Copenhagen General Population Study; GESUS, Danish General Suburban Population Study. our study, which was expected because these products are generally better tolerated, partly because they have a lower content of lactose. Results from a dose-response meta-analysis of dairy product intakes and risk of type 2 diabetes suggested an inverse association between total dairy product intake from low amounts (#300-400 g/d) and risk of type 2 diabetes, but no further reduction in risk was observed when even higher amounts of dairy products were examined. In addition, no association was found when only milk intake was considered (2) . This may explain the lack of association in our study, because the Danish population in general has a high intake of milk and dairy products. Perhaps the Danish people have simply reached the threshold for dairy intake in terms of effect on risk of disease, which makes it difficult to detect any differences by genotype. Also in support of a neutral effect of milk intake are the results from a meta-analysis of randomized controlled trails, which found no effect of increased milk/dairy intake compared with usual diet on fasting glucose concentrations and HOMA-insulin resistance (16) .
A French and a Finnish study have also used the genetic variant LCT-13910 C/T in an attempt to indirectly assess causality between milk intake and diabetes. Their results are in line with our overall finding of no consistent association between lactasepersistence genotypes and risk of type 2 diabetes (17, 18) . The French study found no effect on type 2 diabetes, impaired fasting glucose, or the metabolic syndrome when using a codominant (CC compared with TC compared with TT) or dominant model (CC compared with TC/TT), but did find that the C allele was associated with impaired fasting glucose and/or type 2 diabetes (17) . Results from other studies with overlapping endpoints also exist, and, whereas the association between the lactase TC/TT-persistent genotypes and overweight-obesity have been found in most (19, 20) (including ours), but not all (18) studies-along with a higher frequency of the metabolic syndrome (21)-there is no difference in concentrations of fasting glucose among genotypes (17) . However, all previous studies were limited in the number of participants and did not obtain genetic risk estimates by applying instrumental variable analysis, and one failed to confirm the necessary association between milk intake and the LCT-13910 C/T genetic variant (19) .
Strengths and limitations
Our study included 97,811 individuals, which made this the largest Mendelian randomization study of milk intake and risk of diabetes and overweight-obesity to date. We estimated that there may be a slight overlap in participants between our 3 general population studies; however, exclusion of the roughly 0.1% overlapping participants was not expected to have any major influence on our results.
Whereas the results from our observational analyses may have been influenced by residual confounding and reverse causation, Data are from the CGPS, the CCHS, and the GESUS combined. Test of interaction by likelihood ratio. Unadjusted; adjusted for sex, age, and population; and adjusted for sex, age, population, and height, including milk (no/yes) as a covariate tested against a model with LCT genotype 3 milk interaction term included. The LCT gene was included as a codominant variable (TT and TC compared with CC) and as a dominant variable (TT/TC compared with CC).
4
Data on milk intake were not available from the CCHS. Data include people from CGPS and GESUS only.
the Mendelian randomization design used in our genetic analyses should have largely prevented such potentially distorting influences because of the random assortment of alleles before gamete formation. However, some potential sources of bias include pleiotropy and population stratification. Pleiotropy refers to a situation in which a gene affects $2 apparently unrelated phenotypic traits; however, to our knowledge, no pleiotropic effect of the LCT-13910 C/T genetic variant has been detected. To limit the influence of population stratification bias, we strived to obtain a study population of homogenous ancestry by including only white participants of Danish descent. In addition, we included height in the model to adjust for a hidden population substructure, because genome-wide data were not available. Importantly however, the difference in height between genotypes was small, and the adjustment for height gave similar results.
The strength of the association between the LCT-13910 C/T genetic variant and milk intake is dependent on how rare the minor allele is and on cultural practices for dairy farming and traditions for including milk and dairy products in the diet. A PubMed search resulted in 123 hits, from which we retrieved information on milk intake and genotype frequency from 5 studies of different European populations for comparison with our own data ( Figure 4) . The mean milk intake was higher in lactase TT/TC-persistent individuals than in lactase CC-nonpersistent individuals from Finland (22) , Sweden (23), Denmark (current study), Estonia (24), Spain (19) , and Italy (25) . The highest milk intake was in Finland and Sweden, where the difference in milk intake between lactase TT/TC-persistent individuals and lactase CC-nonpersistent individuals was largest. Milk intake differed only slightly by genotype, e.g., in Italy (25) , where a much larger part of the population is lactase CC nonpersistent compared with the population in northern countries. There is a north-south gradient of lactase persistence in Europe, with prevalences ranging from 80% in northern Europe to 5-10% in southern Europe (26, 27) . Also, there seems to be a similar gradient in milk intake because individuals from northern Europe (22, 23) report higher milk intakes than do individuals from southern Europe (25) , and milk intake in northern Europe seems to be consistently higher in lactase-persistent individuals than in lactase-nonpersistent individuals. Lactase nonpersistence is of low prevalence in Denmark (6%); thus, because milk drinking is the norm in Denmark, this cultural practice may have a strong influence on milk consumption among Danish individuals, even among lactasenonpersistent individuals. Furthermore, evidence suggests that individuals with lactose malabsorption or lactose intolerance may tolerate a limited amount of milk without experiencing major symptoms of lactose intolerance (28) . These factors may explain the relatively small difference of a median of 2 glasses/wk in milk consumption between the lactase TC/TT-persistent and lactase CC-nonpersistent individuals in our study. The difference in milk Test of interaction by likelihood ratio test. Test of model (unadjusted; adjusted for sex, age, and population; adjusted for sex, age, population, and height), including milk (no/yes) as a covariate against a model with LCT-genotype 3 milk interaction term included. 4 Data included people from CGPS and GESUS only, because data on milk intake were not available from the CCHS.
FIGURE 3
Observational and genetic risk of type 2 diabetes and overweight-obesity for a 1 glass/wk higher milk intake. Data from the Copenhagen General Population Study and the Danish General Suburban Population Study combined. Unadjusted genetic RRs (95% CIs) were estimated by multiplicative generalized methods of moments. F statistics indicate the statistical strength of the genotype as instrument for milk intake, whereas R 2 (%) indicates variation in milk intake explained by genotype; obtained by ordinary least-squares regression analysis. Observational HRs (95% CIs) for type 2 diabetes and ORs (95% CIs) for overweight-obesity adjusted for sex, age, physical activity in leisure time and at work, smoking, alcohol intake, education, family history of diabetes, fruit intake, vegetables intake, fish intake, intake of fast food, and intake of soda drinks. intake was statistically significant (likely because of the large number in our study) and should be strong enough to ensure the function of the genotype as a sufficient instrument for long-term difference in milk intake, according to the large F value of 153 in the instrumental variable analysis. However, the relatively small difference in milk intake between the genotypes in combination with the low frequency of the CC genotype in Denmark will likely affect our statistical power to detect a difference in risk of diabetes and overweight-obesity.
Stratifying the gene-diabetes analysis for milk intake may have introduced collider stratification bias. Indeed, it is disturbing that several characteristics were distributed differently by genotype in those with and without milk intake, e.g., sex and intake of fruit and vegetables. We believe that these findings point toward collider stratification bias, which could possibly explain why, among individuals without milk intake, we observed that lactase TC/TT-persistent individuals had a higher risk of type 2 diabetes than did lactase CC-nonpersistent individuals, with a trend toward the opposite direction among individuals with milk intake. Supporting this interpretation, it seems very difficult to understand how a genotype having an effect on milk intake should influence the risk of diabetes mainly in those without milk intake. In other words, these findings from the analysis stratified by milk intake do not seem to be biologically meaningful.
The LCT-13910 C/T polymorphism was in slight HardyWeinberg disequilibrium in the CCHS and CGPS, but not in GESUS, and additional analyses were performed to rule out genotyping errors as an explanation for the disequilibrium. Therefore, it is possible that the LCT-1310 C/T genotype is still adjusting in populations, which may account for the slight disequilibrium (29) .
Information on type 2 diabetes was obtained by linkage to Danish registries, i.e., to the national Danish Patient Registry (30), the national Danish Civil Registration System (31) , and the national Danish Causes of Death Registry (32) . These registries provide unique possibilities for large-scale population studies and research in general; however, the Danish Patient Registry is foremost an administrative registry and thus has some limitations concerning its use in research. It contains information on all hospital contact since 1977 and is updated monthly, but it does not include diagnoses made by general practitioners. To compensate for this limitation, we combined the registry diagnosis with self-reported information on diabetes and use of insulin and other antidiabetic medication and with measured baseline concentrations of nonfasting glucose to better identify individuals with diabetes.
Interpretation
High milk intake was not associated with a low risk of type 2 diabetes or overweight-obesity, observationally or genetically via lactase persistence. The higher risk of type 2 diabetes observed in lactase-persistent individuals without milk intake likely is explained by collider stratification bias.
